We show here that fundamental aspects of antitumor immunity in mice are significantly influenced by ambient housing temperature. Standard housing temperature for laboratory mice in research facilities is mandated to be between 20-26°C; however, these subthermoneutral temperatures cause mild chronic cold stress, activating thermogenesis to maintain normal body temperature. When stress is alleviated by housing at thermoneutral ambient temperature (30-31°C), we observe a striking reduction in tumor formation, growth rate and metastasis. This improved control of tumor growth is dependent upon the adaptive immune system. We observe significantly increased numbers of antigen-specific CD8 + T lymphocytes and CD8 + T cells with an activated phenotype in the tumor microenvironment at thermoneutrality. At the same time there is a significant reduction in numbers of immunosuppressive MDSCs and regulatory T lymphocytes. Notably, in temperature preference studies, tumor-bearing mice select a higher ambient temperature than non-tumor-bearing mice, suggesting that tumor-bearing mice experience a greater degree of coldstress. Overall, our data raise the hypothesis that suppression of antitumor immunity is an outcome of cold stress-induced thermogenesis. Therefore, the common approach of studying immunity against tumors in mice housed only at standard room temperature may be limiting our understanding of the full potential of the antitumor immune response. murine tumor models | metabolism
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One variable that has received little attention in cancer research is the relatively cool ambient housing temperature in research facilities. This factor is important because mice have a high surface area to body mass ratio and lose heat rapidly. In nature, mice seek warm environments and build nests to minimize metabolic demands for heat production (3) , and thermal preference studies have clearly shown that healthy mice will select an ambient temperature of 30-31°C (termed "thermoneutrality") at which their basal metabolism is sufficient to maintain body temperature (3) (4) (5) (6) (7) . However, at subthermoneutral temperatures, mice experience cold stress, which induces a systemic sympathetic response involving adaptive metabolic changes and secretion of catecholamines, particularly norepinephrine (8) . These changes drive a highly energetically demanding process known as "adaptive thermogenesis" to maintain normal body temperature (8) .
For research facilities, the room temperature that the National Research Council Guide for the Care and Use of Laboratory Animals (9) requires is considerably cooler than thermoneutrality to facilitate some aspects of husbandry, to reduce frequency of cage cleaning, and to ensure thermal comfort of animal care technicians (4, 7) . Institutes must select and maintain a constant room temperature between 20°C and 26°C; until 2011, an even cooler range between 18°C and 24°C was permitted. Despite the significant impact of ambient temperature on the metabolism of laboratory mice, the room temperature of mouse colonies has not concerned researchers because mice are able to maintain a normal body temperature. However, cool housing temperature is not always a benign variable and there is a disconcerting possibility that it may affect the outcome of a broad range of experimental endpoints (4, 5, 7) . Although researchers interested in measuring fever in LPS-treated rodents have long recognized the importance of ambient temperature (4, 10) , more recent studies demonstrate that an expected obesity phenotype in uncoupling protein 1 (UCP1)-deficient mice could only be observed when mice were housed at thermoneutrality (11) . In another study, it was shown that adaptation to standard
Significance
We show that the mandated, subthermoneutral laboratory housing temperature, which is known to cause chronic, metabolic cold stress, induces suppression of the antitumor immune response and promotes tumor growth and metastasis. When mice are housed at thermoneutrality, there are fewer immunosuppressive cells with significantly enhanced CD8 + T celldependent control of tumor growth. These findings underscore the fact that investigating mouse models under a single set of environmental temperature conditions may lead to a misunderstanding of the antitumor immune potential. These data also highlight the need for additional study to determine how systemic metabolic stress modulates the functions of immune effector cells, particularly in tumor-bearing mice, and whether cancer therapies, including immunotherapy, are impacted by housing temperature. housing temperatures is associated with an increased polarization of macrophages to the alternatively activated state (12) . Because there is little or no information on the effect of housing temperature on tumor growth or whether tumor growth affects thermal preference, we began to study the effects of cold stress in mouse tumor models. Here, using several different widely studied tumor models, we compared tumor formation, growth, and metastasis at either subthermoneutral or thermoneutral housing temperatures, and found significant differences that we were able to directly relate to differences in the status of the antitumor immune response.
Results
To address the basic question of whether tumor growth is influenced by ambient temperature, we compared tumor formation and growth rate in several widely used murine models in mice housed at either standard temperature (ST; ∼22-23°C) or at thermoneutral temperature (TT; ∼30-31°C). Groups of mice were first acclimated to each ambient temperature for at least 2 wk and we then injected moderate doses (10 4 to 10 5 ) of tumor cells into the appropriate syngeneic strain of mice (BALB/c or C57BL/6). B16.F10, CT26, and Pan02 were injected subcutaneously, and 4T1 was injected orthotopically into a mammary fat pad and then growth rates were monitored. Each tumor type demonstrated typical rapid growth in mice housed at ST. However, in mice maintained at TT, we observed a significant reduction in the growth rate in all four tumor models ( Fig. 1 A-D) . Although most of the work presented here was done in mice that were allowed to acclimate at each temperature for at least 2 wk, acclimation may not be a critical factor because in at least one model (Pan02), a reduced growth rate still occurred when tumor-bearing mice were separated into ST and TT after tumors were first palpable (Fig. S1) .
We compared basic white blood cell counts in tumor-free mice housed under each condition and found identical levels of all major leukocytes populations (Fig. S2A) . However, when examined shortly after tumor cells were injected we saw a significant increase in leukocytes, specifically lymphocytes and monocytes, in mice housed at TT compared with ST ( Fig. S2B) . In sharp contrast to the data obtained in immunocompetent mice ( Fig. 1 A-D), when we compared tumor growth rates at ST and TT in immunodeficient mice, we observed that the improved control of tumor growth seen at TT was lost in both SCID ( Fig. 1E ; data shown for 4T1) and NUDE mice ( Fig. 1F ; data shown for CT26). These data strongly suggest that the impact of ambient temperature on tumor growth was largely indirect, and involved the antitumor adaptive immune response. We also compared the time it took for a palpable tumor to form in immunocompetent and immunodeficient hosts. We observed a significant delay in tumor development in BALB/c mice housed at TT compared with ST which was not observed in SCID mice (Fig. 1G ).
The 4T1 model affords an excellent opportunity to examine the impact of ambient temperature on metastasis from orthotopically implanted mammary tumors (13), a process known to involve a clinically relevant route of lung invasion that is sensitive to the status of antitumor immune activity (14) . Using this model, we observed that the lung weights of tumor-bearing mice at ST were significantly greater than those of tumor-bearing mice at TT, which were comparable to those of the nontumor-bearing mice (Fig. 1H ). Correlating with this difference in lung weight, significantly fewer numbers of metastatic lesions were seen in lungs from mice at TT compared with ST ( Fig. 1I ), strongly suggesting an improvement of metastatic tumor growth control.
We next asked if the difference in tumor growth at ST vs. TT seen in implantable tumor models would occur in a carcinogeninduced tumor model in which tumors develop in situ. We selected the 3-methylcholanthrene (MCA) model for which a critical role for T lymphocytes in control of tumor growth has been previously reported (15) (16) (17) . Here, we again found that the incidence of MCA-induced fibrosarcomas was markedly delayed when mice were maintained at TT (Fig. 1J ) compared with those maintained at ST.
To explore further the role of cytotoxic or helper T-cell subsets in this phenomenon, we depleted either CD8 + or CD4 + T cells in CT26 and B16 tumor-bearing mice and examined tumor growth in mice housed at each temperature. These experiments revealed that the presence of CD8 + T cells was critical for the tumor growth delay seen at TT in both B16.F10 and CT26 tumor models ( Fig. 2 A and C) . Isotype control antibody-depletion experiments did not impact the difference in tumor growth seen at ST vs. TT ( Fig. 2 B and C) . The role of CD4
+ cells appeared to depend upon the model tested. In B16.F10-bearing C57BL/6 mice, depletion of CD4
+ cells had no effect on the tumor growth delay seen at TT (Fig. S3A ), but in CT26-bearing BALB/c mice, we found that depletion of CD4 + cells resulted in loss of improved tumor control at TT (Fig. S3B) , suggesting an important role for CD4
+ cells in the CT26 tumor model. Because CD8 + T cells were consistently identified as critical effector cells in these experiments, we next asked whether there was a difference in CD8 + T-cell frequency in the tumor microenvironment in mice housed at ST and TT. Using flow cytometry, we saw significantly higher numbers of CD3 + CD8 + T cells in 4T1 tumors at TT compared with tumors from ST mice (Fig. 3A) . Additionally, by immunohistochemistry (IHC), we saw increases in CD8
+ cells in CT26 tumors excised from mice maintained at TT and ST ( Fig. 3 B and C) . These differences were evident even when tumors were small and similarly sized between the two groups. We also looked at the frequency of CD4
+ cells by IHC in the tumors of mice housed at ST and TT but we found no difference (Fig. 3B) , suggesting that the functional role of CD4 + T cells in mediating improved tumor control at TT in this model occurs independently of their accumulation within the tumor microenvironment.
To test whether the increased CD8 + T cells at TT were antigen-specific, we used a well-characterized tumor antigen (gp70) in the CT26 model (18) and the H-2L d pentamer complexed with a gp70 423-431 peptide. We observed a significant increase in antigen-specific, pentamer-positive CD8 + T cells in both the tumor (Fig. 4 A and B) and draining lymph node (Fig. 4 D and E ) from mice at TT vs. ST. We also observed that the increased numbers of pentamer-positive CD8 + T cells were not influenced by tumor volume (Fig. 4C) .
To explore further the potential mechanism by which T-cell function could be influenced by thermal stress, we examined changes in the CD8 + T-cell subset within the lymphocytic cell population in 4T1 tumors from mice housed at ST and TT. In this experiment, we observed an increase in the CD3 +
CD8
+ T cells ( Fig. 5 A and B) . We also examined CD69, a marker of early activation, and observed an increase in CD69 + CD8 + T cells (Fig.  5C) . Next, we quantified the percentage of IFN-γ-producing CD8 + T cells in tumors from mice housed at TT and ST and found that IFN-γ production was significantly increased in mice at TT compared with ST (Fig. 5D) . Additionally, we saw that the surface expression of Glut-1 was also increased in CD8 + T cells from TT vs. ST mice, suggesting that CD8 + T cells in mice housed at TT have a more metabolically active phenotype than that seen at ST (Fig. 5E) .
The efficacy of antitumor immune activity is now known to be determined not only by effector (CD8 + T) cell activity, but also the presence of suppressor/regulatory immune cells, including myeloid-derived suppressor cells (MDSCs) and T regulatory cells (T reg ), which can inhibit CD8
+ T-cell function and facilitate tumor growth (19) . We compared the frequency of these immunosupressive cells in tumors and spleens of tumor-bearing mice. Flow cytometry of 4T1 tumors revealed a significant reduction in the number of T reg cells (FoxP3 + cells) in the tumors of mice at TT vs. ST (Fig. 6A and Fig. S4A ). By immunohistochemistry, we saw FoxP3
+ cells scattered throughout the tumors of ST mice, but saw far fewer cells in the tumor microenvironment of TT mice ( Fig. 6B and Fig. S4B ).
Previous studies (20) have demonstrated that the spleen is a critical repository for MDSCs before their trafficking to the tumor microenvironment. Therefore, we evaluated their numbers in the spleens of tumor-bearing mice housed at ST and TT. There were far fewer splenic MDSCs (Gr-1 + CD11b + cells) in CT26 tumor-bearing mice at TT vs. ST (Fig. 6C ). This reduction in MDSCs at TT may also explain, at least in part, our observation that the spleen, although slightly larger than in tumor-free mice, is consistently smaller in tumor-bearing mice at TT compared with ST (Fig. 6D) . We also examined Gr-1 + CD11b + cells from tumors, but here we found no difference between ST and TT (Fig. S5) . However, as others have pointed out, it can be problematic to analyze MDSC accumulation in the tumor microenvironment, which favors rapid differentiation of MDSCs, thus compromising accurate quantification (21) . Overall, these data support the hypothesis that housing tumor-bearing mice at ST shifts the balance of immune cells such that there is a greater potential for systemic immunosuppression, which is consistent with more rapid tumor growth compared with that seen at TT.
We monitored core temperature in several animals per cage and it should be noted that the body temperature of nontumor ( Fig. 7 A and B) and tumor-bearing ( Fig. 7 C and D) mice remained normal at ST and TT. However, we observed that when tumors approached the maximal allowable volume (which occurred beyond the time-frame used in all of the analyses presented here), body temperature fell by 1-2°in the ST but not TT mice (Fig. 7 C and D) suggesting that tumor growth eventually exhausted the ability of mice to maintain normal body temperature under subthermoneutral conditions. It is well known that when mice are required to increase their metabolic heat production via thermogenesis, they exhibit long-conserved behavioral changes associated with "feeling cold," provoking them to move to warmer ambient temperatures, thus minimizing thermogenesis (3, 4, 8, 22) . Because caged mice are unable to carry out this behavioral activity, a thermal preference determination is frequently used to measure the degree of cold stress/heatseeking activity in laboratory mice (6) . To address whether the presence of tumors impacts thermal preference, we first placed normal, nontumor-bearing BALB/c mice individually into a thermal preference apparatus (23) , which permitted them to move between different chambers maintained at 22, 28, 30, 34, or 38°C. We observed that the mice spent the most time in the 30°C chamber (rather than the 22°C chamber), confirming many previous studies (reviewed in ref. 4) showing that normal mice prefer a thermoneutral environment. In contrast, tumor-bearing mice preferred to spend the majority of their time in the warmest chamber available, at 38°C (Fig. 7E ). This shift in preferred temperature is 8°warmer than that seen in nontumor-bearing mice and, remarkably, 16°warmer than the temperature at which tumorbearing mice are routinely housed. Thus, tumor-bearing mice "feel colder" than nontumor-bearing mice, selecting ambient temperatures that are even greater than thermoneutrality.
Discussion
These observations demonstrate that tumor growth control is significantly impaired by housing mice at ST compared to TT, even though core body temperatures are similar, reflecting changes in the balance between immune effector (antitumor) and immunosuppressive (protumor) immune cells. Not only are there more CD8 + T cells (and fewer immune suppressive cells) in the tumor microenvironment of mice housed at TT vs. ST, these T cells exhibit increased IFN-γ production and a higher expression of the activation markers CD69 and Glut-1. Our observation that tumor-bearing mice prefer higher temperatures than nontumorbearing mice supports the idea that the presence of a tumor exacerbates the effects of cold stress. In other words, the presence of metabolic stress associated with tumor growth may compound the impact of mild cold stress on the immune system since only tumor-bearing mice exhibited obvious differences in endogenous immune cell populations at ST vs. TT. Our data raise the possibility that our current understanding of the ability of laboratory mice to control tumor growth has been limited by conducting experiments in an environment of chronic cold stress. Recent research highlights the large bio-energetic cost of generating and maintaining an effective T-cell-mediated immune response (24, 25) . It has been suggested that when immunological defenses are too energetically costly, they are selectively "traded off" in favor of higher-priority functions, such as thermoregulation (26) (27) (28) . An increase in the activity of norepinephrine-driven stress responses likely is one of the underlying mechanisms involved here since cold exposure has long been used to study the activation of thermogenesis via norepinephrine production (8, 12) , and this, as well as other, stress pathways have been linked to immunosuppression (29) .
However, the interrelationships between stress signals and immune cells in the tumor microenvironment remain unclear.
For example, what are the underlying mechanisms by which the antitumor immune cell function is modulated by systemic stress? Key intracellular mediators that should be evaluated include target of rapamycin and molecules that activate (PI3K and AKT) and antagonize (AMPK) its regulation. PIM1 and PIM2 may also serve as target molecules that may be impacted by cold stress (24) . Further, studies should examine how immune cell proliferation compares between mice at ST and TT. It would also be important to determine how a more vigorous, endogenous host immune response at TT affects immunoediting of tumor cells in mouse models (30) , and to examine to what extent ambient temperature impacts models of vaccination, adoptive cellular therapy, and other forms of immunotherapy as well as the potential for autoimmunity. Addressing these questions will require a greater dissection of functional changes among various immune cell subsets. Determining how the balance of proinflammatory and suppressive cellular and cytokine/chemokine networks is affected by ambient temperature will also be informative. As recently demonstrated (12) , increased norepinephrine produced as a result of cold stress originates from an alternatively activated subset of macrophages to help facilitate heat production. Importantly, this phenotype is induced by increased levels of IL-4 and IL-13, both of which can contribute to a more immunosuppressive microenvironment. Norepinephrine is also known to drive adaptive thermogenesis by a process that depends upon induction of UCP1 in the mitochondria of brown fat cells and other cell types for heat generation. Thus, we might expect to see more UCP1 in the mitochondria of tumor-bearing cold-stressed mice, and this is an important question to explore in the future.
This study does not aim to identify an optimal housing condition for all laboratory mice. Unlike the constant temperature caged mice experience, in nature, mice are free to move about over a wide range of temperatures and build warm nests that numerous mice occupy for long periods of time (6) . Our data do suggest that tumor-bearing mice may be experiencing an underappreciated degree of metabolic cold stress, and changes to their caging conditions might be considered for assessment of tumor growth and antitumor immunity. Further, when mice are caged in groups of four or five, their huddling helps somewhat to reduce thermal stress; however, mice are often removed during the course of an experiment, reducing the potential for heat generation through huddling. Given the fact that the result of testing a new therapy in mouse models often fails to predict what will happen in humans (1, 2), our study highlights the importance of establishing a more accurate "baseline" of endogenous immune responsiveness. This would be important not only for studies of immunotherapy, but also for radiation and chemotherapy, which are increasingly recognized to be dependent upon antitumor immune responses (31) . A practical alternative to adjusting actual ambient temperature may be to add more appropriate nesting material to cages (6) or to use cabinets in which environmental temperature can be manipulated, as used in this study. In line with this theory, our laboratory and that of others, have long been interested in the positive effects of temporarily inducing a mild (fever range, ∼39°C) hyperthermia on various immune cells in mice (32) , where (unlike the experiments reported here) body temperature is transiently elevated for several hours. Because short-term mild hyperthermia causes a similar increase of CD8 + T cells and a decrease of T reg cells (32, 33) in the tumor microenvironment, an open question is whether these therapeutically beneficial effects are functionally linked to alleviation of cold stress.
More tumor models, such as transgenic cancer-prone mice, must be evaluated to fully appreciate how cold stress affects therapeutic outcome. Further, each of the models we tested here (transplantable solid tumor models, metastases and carcinogeninduced tumors) grow as solid tumors. Therefore disseminated hematological malignancies, or cancers that grow as ascites in the peritoneal cavity should examined for their responsiveness to cold stress since the type of tumor microenvironment could be critical for how sympathetic nerve endings or metabolic factors associated with cold stress interact with immune cells.
In summary, while the precise mechanistic pathways linking metabolic cold stress and antitumor immunity are not yet defined, this study demonstrates that it is important to consider ambient temperature when cancer or metabolic disorders are modeled in mice. But do these data also have implications for cancer patients? While it is already clear that an abnormal energy balance in humans is linked to obesity, inflammatory disease, and increased risk of several cancers (34), a role for thermogenesis is much less appreciated. Unlike mice, humans are able to easily manipulate their environment to achieve thermal comfort. However, cold stress is among other stressors more commonly experienced by humans including psychological or emotional stress that are mediated through the sympathetic arm of the nervous system and which may be significantly increased after cancer. Moreover, while until quite recently, a significant role for brown fat thermogenesis in humans has not been well recognized, new studies have demonstrated the presence of brown fat in humans, it has now been demonstrated to be quite metabolically active as a result of cold stress (35, 36) . Whether thermogenesis is playing a role in Tumor-bearing mice demonstrate increased heat-seeking behavior despite maintaining a normal body temperature for a prolonged period. (A-D) The body temperature of nontumor-bearing (A and B) and tumor-bearing (C and D) mice was monitored over several weeks in either ST or TT housing conditions. (E) 4T1 cells were orthotopically injected into the mammary fat pad. Mice (average volume in the tumor-bearing group was 483 ± 102 mm 3 ) and tumor-free age-matched controls were placed individually into a thermal preference apparatus for 1 h and the time a spent at each temperature was calculated. Data presented as mean ± SEM (n = 5; *P < 0.05, **P < 0.01; Student t test). regulation of antitumor immunity in patients is not known, but in light of this recent data and the findings reported here, it is intriguing to consider that symptoms of deep "chills" (often independent of fever) that are well known to occur in cancer patients (37) , including those receiving various therapies including immunotherapies such as IL-2 (38, 39), could be affecting metabolism associated with thermogenesis. Clearly a better understanding of the physiological interactions between stress responses, thermoregulation, and immune regulation could reveal important new strategies for strengthening antitumor immunity.
Materials and Methods
Mouse Housing at ST and TT. Mice were maintained in specific pathogen-free facilities and were treated in accordance with the guidelines established by the Institutional Animal Care and Use Committee at Roswell Park Cancer Institute (Buffalo, NY). Cages containing experimental mice were housed five to a cage in Precision Refrigerated Plant-Growth Incubators (Thermo Fisher Scientific) maintained at 22°or 30°C. Several experiments were repeated (with no differences observed) by placing cages in standard Division of Laboratory Animal Resources rooms with the thermostat set to 22°or 30°C. Humidity was controlled using a Top FinÒ Air Pump AIR 1000 with Top FinÒ airline tubing.
Body Temperature Measurements. Body temperature was measured with a DAS-7007S reader (Bio Medic Data Systems) detecting signal from an IPTT-300 transponder (Bio Medic Data Systems) implanted beneath the skin.
Additional details are provided in SI Materials and Methods.
Thermal Preference. The experimental design has been previously described (23) . Movement was traced using an Auto-Track Open Field Activity Monitor OptoVarimex-3 (Columbus Instruments). Each mouse was tracked for 60 min per day.
